Abstract -Solubility of gases in liquid polymers is treated theoretically using the lattice fluid model. Qualitatively, the model indicates that gas solubility should increase with molecular size as observed experimentally. In addition, the physical properties of the gas and polymer should dominate gas solubility with the gas-polymer interaction playing a secondary role. Using no adjustable parameters, gas solubilities can be quantitatively predicted for hydrocarbon and chlorinated hydrocarbon vapors in non-polar polymers. Good results are also obtained for polar gases (excluding alcohols) in polar polymers. Polar/non-polar combinations are not correlated as well, but the deviations are very systematic and suggest future directions for research.
INTRODUCTION
From a practical viewpoint, solubility of gases in polymers is an important consideration in removing volatiles from polymers, designing polymeric barrier materials for packaging applications, and developing membranes for gas separation. Although a complete understanding of gas solubility is lacking, excellent empirical correlations have been developed which quantitatively predict infinite dilution solubility of various organic vapors in several polymers The slope m has also been correlated with the acentric factor which characterizes molecular size and shape (ref. 8) . These empirical correlations imply that the gas-polymer interaction is of secondary importance in establishing solubility. The primary factor is the physical properties of the gas, as manifested in its critical properties, and the polymer.
In this paper we examine the solubility of gases in polymers as predicted by the lattice fluid (LF) model (ref.
9-12).
The LF model is an equation of state model which takes into account the PVT properties of both gas and polymer. As will be seen, this model makes two qualitative predictions which are in excellent agreement with experiment.
First, the gas-polymer interaction energy has only a second order effect on solubility as suggested by the aforementioned empirical correlations. Second, for a homologous series of gases, such as the normal alkanes, solubility should increase with molecular size as is observed. Quantitatively, it will be shown that the LF model can make excellent solubility predictions for non-polar gases in non-polar liquid polymers with no adjustable parameters. The temperature dependence of the solubility is also accurately given. For polar polymers and polar gases (alcohols excluded), good predictions are also obtained without adjustable parameters. However, most nonpolar/polar combinations of gas and polymer do not yield good results.
Much of the available experimental data on solubility of gases in liquid polymers comes from inverse gas chromatography (IGC). A fundamental quantity measured in the IGC experiment is the specific retention volume, Vo, of the probe gas. It is a direct measure of the solubility of the probe gas in the polymer. A theoretical relationship is derived to calculate Vo from the LF model. 
THEORY
In the IGC experiment the fundamental quantity that is measured is the net retention volume V, :
where VR is the volume of gas needed to elute the probe gas (retention volume), V, is the volume of gas needed to elute a non-interacting marker gas (void volume), $,is the elution time for the probe gas, and t , ,
, is the elution 21 07
time for the marker. The stationary phase in the IGC experiment is a polymer above its glass transition or melting temperature. Under the right experimental conditions, equilibrium between the probe gas (component 1) and the liquid polymer (component 2) can be obtained; V, then approaches a constant value and is related to the thermodynamic partitioning of the probe between the gas and polymer phases (ref. 13) v, = v, (c? / c y where V, is the volume of polymer, c y is the concentration (masdunit volume) of probe dissolved in the liquid polymer, and c !~ is the concentration of probe in the gas phase. Dividing both sides of eq. (2) by the polymer mass (%) yields the specific retention volume V,:
where p, is the mass density of the polymer. The amount of probe gas in the column is small and its partial pressure (P1) is very low so that to an excellent approximation it can be described by the ideal gas law:
where M1 is the molecular weight of the probe gas. The amount of probe gas absorbed by the polymer is also very sma!l so that we may use Henry's law to an excellent approximation to estimate c?:
Substituting eqs. (4) and (5) into (3) yields
Note that V, does not depend on the partial pressure of the probe gas. In practice the amount of probe gas is extrapolated to zero to insure that the ideal gas law and Henry's law are obeyed (ref 14) . Often V, is "corrected" to the standard temperature To = 273.15 and the corrected specific retention volume Vo is given by
k l is the gas solubility per unit pressure and thus V, or Vo is a direct measure of gas solubility in a polymer.
Obtaining a theoretical Henry's law constant begins by equating the chemical potential of the gas at temperature T and pressure P to the chemical potential of the gas absorbed in the polymer, i.e., g pP(T,P, free gas) = pl(T,P, absorbed gas) .
(8)
For the lattice fluid (LF) model the chemical potentials are given by (ref. 11):
and
where x is the "bare" gas-polymer interaction parameter. The remaining undefined quantities are equation of state parameters and variables; the LF equation of state is
where ij I p/p',F I P / P * , a n d T e T/T' are the reduced (dimensionless) mass density, pressure, and temperature, respectively. The mass density, pressure, and temperature are reduced by their respective equation of state parameters p', P', and T' ; r is a dimensionless size parameter proportional to the molecular weight (M):
Solubilify of gases in polymers 2109 P* is the hypothetical cohesive energy density of the liquid at absolute zero temperature and p* is the corresponding since ripl / p1Tl = PV / RT + 1 in this limit. Now p1 can be replaced by its ideal gas value, PMl/RT, so that
( W In the dilute limit of gas absorption ($1 + wlp; / pi + 0) and high molecular weight (M2 and v; + m), eq. (10) becomes
where p2 is the reduced density of the polymer liquid. The liquid PV term is very small compared to all others and has been ignored in eq. (16) . Equating eqs.(l5b) and (16) 
which is a result that has been obtained before (ref 12,15) . Substituting eq.(17) into (7) yields the desired relationship between the specific retention volume measured in an IGC experiment aid the theoretical parameters of the LF model:
( 1 W or equivalently,
Vo has a simple interpretation: it represents the volume of probe gas, corrected to standard temperature (To = 273.15 K) and pressure (1 atm), that is absorbed by unit mass of polymer when the probe gas partial pressure is 1 atmosphere. To see this multiply Henry's law, eq. (5), by RTo / PoMlp2 where Po is some arbitrary reference pressure:
g cfq (RTo / POM1p2) = volume of probe gas, corrected to To and Po, absorbed per unit mass of polymer at a partial pressure of P,.
where the last equality follows from eq. (7). Thus, if the probe gas had a partial pressure (Pl) of 1 atm, the volume of gas, corrected to STP conditions, absorbed by unit mass of polymer equals Vo. This interpretation only depends on the validity of the ideal gas law and Henry's law up to pressures of 1 atm; if their validity only holds up to a pressure of P,. then Vo equals the volume of probe gas, corrected to standard temperature (To = 273.15 K) and reference pressure Po, that is absorbed by unit mass of polymer when the probe gas partial pressure is Po. In eq. ( 18) p is the reduced mass density of the polymer which is calculated from the equation of state, eq.( 11).
The only unknown parameter in equation (18) where 5 is a dimensionless parameter near unity; if both the gas and polymer are non-polar, it is expected that 5 = 1 (geometric mean approximation) so that
Since P : is the cohesive energy density of component i at zero absolute temperature, the above geometric approximation is analogous to the well-known approximation made for "regular solutions" at non-zero temperatures (ref. 18) . In this approximation the heat of mixing at zero temperature would always be positive, but at non-zero temperatures, equation of state contributions (through volume contraction on mixing) can cause the heat of mixing to become negative.
If we invoke the geometric mean approximation, eq. (21), the solubility, or equivalently Vo , is completely determined by the gas and polymer pure component parameters listed in Tables I and 11 . In Fig. 1 this approximation is used to predict Vo for 6 non-polar organics in polystyrene at 423 K, 448 K, and 473 K. In the remaining 4 figures, this approximation is tested for a variety of organics at 373 K in 2 non-polar polymers, poly(1-butene) and atactic-polypropylene and 2 polar polymers, poly(viny1 acetate) and poly(methy1 acrylate). (18) immediately indicates that molecular size of the gas is an important parameter in determining solubility. By expanding the logarithm term it is easy to show that the sum of terms within the square braces in eqs. (17) and (18) is always positive for values of Tl < 3/2. This includes all temperatures of practical interest; from the T* values in Table I , we see that fl < 3/2 corresponds to temperatures less than 700 K, which is far above the thermal decomposition temperature of most polymers. Notice that this positive term is scaled by the the size parameter rl which is proportional to the molecular weight of the gas [ see eq. (12)]. Thus, the LF model qualitatively predicts that solubility should increase with increasing chain length for a homologous series of gases such as the alkanes. This is illustrated in Figs. 2-5 for the alkanes; propane is always much less soluble than undecane. The same behavior is also observed in the cyclic hydrocarbons. This is not a small effect. The ratio of solubilities between undecane and propane is typically about 500. A third qualitative prediction made by the LF model, also associated with the dominance of the size term, is that the temperature dependence of solubility increases as molecular size increases. Solubility decreases with increasing temperature and this effect will be more pronounced for large gas molecules. This effect can be observed qualitatively in Fig. 1 ; note that propane has a weaker dependence on temperature than the larger toluene. The temperature dependence of gas solubility predicted by the LF model has been more fully explored by Panayiotou (ref. 15) .
For the 3 non-polar polymers shown in Figs. 1-3 , we see an excellent correlation between experimental and calculated solubilities [using eq. 21)] for non-polar gases. For poly( 1-butene) and atactic-polypropylene we also see, somewhat surprisingly, that the 10 chlorinated hydrocarbons listed in Table 1 are also correlated well. However, the solubilities of oxygen containing organics (ethers, esters, and ketones) in these 2 non-polar polymers are consistently overestimated, this is illustrated for atactic-polypropylene in Fig. 3 . For associated liquids such as alcohols, the geometric mean approximation consistently and significantly underestimates solubilities in both nonpolar and polar polymers (not shown in any figure).
For the 2 polar polymers shown in Figs. 4 and 5, we see that the solubilities of non-aromatic hydrocarbons are grossly and systematically overestimated. Polar and aromatic gases are correlated reasonably well. The systematic deviations from the geometric mean are encouraging because it suggests that methods can be developed to estimate the interaction term based on the chemical smcture of the gas and polymer.
